Atomic-scale material model capable of melting, crystallization and amorphization has been developed to examine the defect formation and crystal growth processes from melted silicon (Si) based on the ordinary Langevin equations of motion. The developed computer system consists of simulation and visualization part. Simulation supports the large-scale molecular-dynamics (MD) clusters with solid/liquid interface responding interactively to the control parameters such as the temperature gradient and pulling speed. Material behaviour simulation is limited to 10 4 particle objects representing dierent atoms. A particle in proposed dynamic system interacts through attractive covalent forces and short-range repulsion forces in all three dimensions. This research was conducted to understand the processes that can control the quality of single-crystal Si grown from the melt by Czochralski crystal puller.
INTRODUCTION
Although, defect formation can be hardly avoided in Si technologies such as crystal growth from melted Si, and thermal oxide growth, their topology as well as formation mechanism are not well understood, because of high temperature and intensive reactivity of melt. Molecular dynamics (MD) is currently the only available method to handle the large-scale simulations of solidi®cation from melted Si. Small molecular models (up to 100 atoms) that may contain multiple types of atoms, can be created with a commercial quantum mechanics package called Gausian94 [1] . This package falls in to a group of ab initio methods when very accurate molecular orbital calculations are carried out for the entire structure with hydrogen termination. Unfortunately, no such system is available for larger molecular models.
Over the years, much attention has been given in the physics and chemistry literature to the development of discrete liquid models involving aggregate molecular dynamics in which the molecules are subject to various interaction potentials, viz.
Berendsen [2] . A basic technique is to model longrange attraction and short-range repulsion forces between pairs of particles according to potentials of the Lennard-Jones type, which lead to forces involving inverse powers of particle separation distance as proposed by Terso [3] . Recently Ishimaru, et al. [4] demonstrated that interatomic potential proposed by Terso is very good in reproduction of experimental results and in addition to crystal Si simulations it can be used to simulate both the amorphous and liquid state of pure Si by dierent heating and freezing methods of melted Si. This paper proposes the approach for modeling and visualization of large scale molecular models applied on the simulation of a singlecrystal silicon growth from molten silicon. To provide experimentalists with a familiar way of looking at structure of simulation data, several diagnostic imaging techniques that aid the analysis of structure at atomic level such as radial distribution function, bond angle distribution function, and static structure factors are proposed here to be calculated from particle clusters in a run.
SIMULATION METHOD
In order to simulate the pulling motion of a crystal the Langevin equation of motion should be slightly modi®ed by introduction of a constant pulling speed v c , that is
where x i , v i , and i 5 ps À 1 , are the position, velocity, atomic mass and friction coecient of the i-th particle at time t, respectively. The interatomic force F i between the N particles is derived as variational derivative of the Terso [2] potential for Si, the stochastic force R i was introduced to mimic the motion of solvent molecules on the solute, it also serves as temperature controller in the system. The use of Terso parameters for the Si and C type of molecules has some limitations in MD simulations as delineated by Halicionglu [5] , however, they were taken into account in our implementations.
Concerning the nature of the stochastic force R i it is assumed to be stationary, Markovian and Gaussian with zero mean and to have no correlation with initial velocities v i (0) nor with the systematic force F i (0). The stochastic numerical integration of the third order proposed by Gunsteren and Berendsen [6] was performed under the constant volume within the cubic domain with periodic boundary conditions on side faces and a re¯ection plane on set at 2 î A bellow the bottom of the volume. At each time step (0.002 ps) the collision between the particle and the re¯ection plane is calculated to prevent particle from escaping out of the simulation volume.
CRYSTAL GROWTH EXAMPLE
For MD simulation of crystal growth, a liquidcrystal interface was at ®rst prepared by attaching crystal sub-volume above the one with liquid atomic structure. Consequently, the system was heated at given temperature gradient along Z axis and crystal atoms were pulled with constant speed in Z direction for the simulation of crystal growth, see Figure 1 . Figure 2 R. hURIKOVIC Ï cm3, which gives the density of liquid Si structure. Calculated growth rate and pulling speed are much larger then in a real crystal puller because much larger volume and longer time period is needed to get exact results. Nevertheless, the proposed simulation system of crystallization process is useful to analyze crystal growth rates. To further study the eects of impurities on a crystal growth and defects formation we show the simulation of Si cluster interaction with oxygen atoms on Figure 3 .
CONCLUSIONS
We have demonstrated the modeling technique of the crystallization process of liquid silicon for large-scale systems. The advantages of the proposed dynamic model are in its application for analysis and study of formation complexes of silicon defects where ab initio computations may be prohibitively expensive. Implementation of additional types of atoms and their interactions in large-scale systems is under the current investigation. To get practical results with better accuracy it is important to use longer volumes and larger times.
